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Long lifetime, high density single-crystal erbium compound nanowires as a high optical gain material Erbium-containing materials of long lifetime and high Er density are important for achieving strong luminescence and high optical gain in compact integrated photonics devices. We have systematically studied the lifetime and crystal quality as a function of growth conditions for an erbium compound that we recently reported, erbium chloride silicate (ECS). The lifetime for the best quality ECS nanowires can be as long as 540 ls, the longest for high-density Er-materials, representing a lifetime-density product as high as 8. ions are optically active in Er compounds. 7, 8 On the other hand, the PL lifetimes at 1.5 lm of these erbium compounds are typically short due to the poor crystal quality and strong up-conversion. For example, the lifetimes of Er 2 O 3 and Er 2 SiO 5 are only 5.7 and 20 ls, respectively. 5,9 Such a short lifetime leads to a very high transparency threshold and makes population inversion difficult to achieve under the typical power levels of the available pumping sources. Thus, most of the erbium materials that are available presently have either low Er-density and long lifetime, or high Er-density but short lifetime.
In order to achieve strong light emission and high optical gain, it is necessary to have both high Er density and long PL lifetime. Thus, a convenient figure-of-merit quantity would be the lifetime-density product (LDP) that can be used to compare various Er-materials for their suitability for optical applications. In this paper, we performed a systematic study of optical quality as a function of growth temperature of the single crystal compound erbium chloride silicate (ECS) nanowires that we demonstrated very recently. 10 We show that with increased growth temperature, there is a dramatic improvement of crystal quality, which leads to significant increase of PL lifetime as long as 540 ls, the longest of all Er-materials with density above 10 22 cm
À3
. The corresponding LDP is the highest among all Er materials. Our results show that ECS material can be potentially used as a high gain material for compact amplifiers and lasers.
We first studied the dependence of material property as a function of substrate temperature. The growth mechanism and setup are given in Ref. 10 . A set of samples were grown at substrate temperatures in the range from 600 C to 1053 C. For the PL lifetime measurement, a 667 nm pulse laser was used for optical excitation. The PL signal was detected by a photomultiplier tube and analyzed by a multichannel scaler (SRS 430). The time resolution is 4 ls due to the bandwidth limitation of the electrical driven circuit of the excitation laser. The PL decay curves of ECS samples grown at different temperatures are shown in the inset of Fig. 1 . Their lifetimes were extracted by single exponential fitting of each curve. The growth temperature dependent PL lifetime is shown in Fig. 1 , which clearly shows two different rates of increase in PL lifetime as growth temperature increase. As can be easily estimated by a linear fitting, below 900 C, the lifetime increases slowly from 100 ls to 170 ls at a rate of 0.23 ls/K. Above 900 C, the lifetime increases much faster at a rate of 2.9 ls/K. The lifetime reaches 540 ls for samples grown at a substrate temperature of 1053 C (the highest temperature allowed in our setup). It is expected that the lifetime would increase with further increase of temperature. The increasing of the PL lifetime indicates a reduced non-radiative process typically caused by the defect centers in the crystal. Fig. 2(a) shows the x-ray diffraction (XRD) results of ECS samples grown at low (<900 C) and high (>900 C) temperature, respectively. At low temperature, the XRD data a)
Author to whom correspondence should be addressed. Electronic mail: cning@asu.edu. show both single crystal ECS peaks and Si peaks. At high temperature, Si signal disappears and only single crystal ECS signal was observed. Meanwhile, the XRD linewidth decreases with increasing of growth temperature. Fig. 2(b) shows the XRD linewidth of the strongest peak (corresponding to {060} plane) narrowing with increasing substrate temperature. Clearly, the crystal quality of ECS is significantly improved at higher growth temperature. The disappearance of Si-peaks indicates a more complete incorporation of Si into the stoichiometric ECS crystal structure.
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To compare various Er-materials, we plot their lifetimes as a function of Er concentration in Fig. 3 . Typically the lifetime is long for an Er material at a low doping density and decreases dramatically when doping density increases. This is known as the concentration quenching effect. 4 22 cm À3 also follow this trend. For 1.5 lm light emission, the intensity can be expressed as: I / Ns PL =s r , where N is the Er density, s PL is the PL lifetime, and s r is the radiative lifetime. Since s r is mostly determined by the transition matrix elements of Er-states and is relatively insensitive to environment, the LDP is a good measure of the emission strength of Er materials, justifying it as an appropriate figure of merit. The LDPs of different material are plotted in the bottom panel of Fig. 3 . It is obvious that the low density doped materials have longer PL lifetime, but the LDP is very small. While some of the Ercompounds show very short lifetime, the LDP shows a maximum at a density around 6 Â 10 21 cm
À3
. Interestingly, our ECS shows the maximum LDP (green star) among all the published data.
To further investigate the optical gain, we analyzed a three level system. If the upconversion effect can be neglected, the rate equations can be written as:
where N i and s i are the density and lifetime of state i, respectively. N is the total Er density. R ¼ / P r is the pump rate, r 12 and r 21 are the absorption and stimulated emission cross sections, respectively. / s is the signal photon flux. The optical gain is determined by g ¼ r 21 N 2 À r 12 N 1 . Since r 21 % r 12 % r and s 3 ( s 2 , the optical gain of a small signal can be simplified as: g ¼ NrðRs 2 À 1Þ=ðRs 2 þ 1Þ. Here, we assume r ¼ 10 À20 cm 2 and plot the optical gain as a function of pumping photon flux for different Er materials in Fig. 4 . It can be seen that, for 1.5 lm light amplification, longer lifetime of 4 I 13/2 state (s 2 ) is preferred since the transparency threshold can be lower. But low Er density also leads to overall small optical gain. Although high density Er material can achieve a much higher optical gain at very high flux levels, in reality such a high flux level is hardly available. Even if such high pump intensity can be achieved, the associated heating problem and strong upconversion also would compromise the optical gain. Thus, LDP still would be a good approximate figure of merit to measure the capability of an Er material for 1.5 lm light amplification. For a reasonable pump source, e.g., 200 mW 980 nm single mode fiber output, the pump photon flux is about 10 24 cm À2 s
À1
. At this pumping level, ECS shows a gain of $110 cm
. This result indicates the great potential of ECS as a high gain material.
In conclusion, we have studied the material property dependence on growth temperature of ECS nanowires, especially the PL lifetime. The lifetime of 540 ls is the longest for Er materials at such high density level. To compare overall performance of Er materials, we justified the lifetimedensity product as an appropriate figure of merit and found our ECS to demonstrate the highest value. The gain analysis also shows that ECS is among the materials with the highest optical gain within the typically available maximum pump flux levels. Fig. 3 .
